A low energy route for the removal of Pluronic P123 surfactant template during the synthesis of SBA-15 mesoporous silicas is explored. The conventional reflux of the hybrid inorganic-organic intermediate formed during co-condensation routes to Pr-SO 3 H-SBA-15 is slow, utilises large solvent volumes, and requires 24 h to remove ∼90% of the organic template. In contrast, room temperature ultrasonication in a small methanol volume achieves the same degree of template extraction in only 5 min, with a 99.9% energy saving and 90% solvent reduction, without compromising the textural, acidic or catalytic properties of the resultant Pr-SO 3 H-SBA-15.
Introduction
The past two decades have seen a host of new applications for silica-derived materials following the discovery of the MCM family of ordered mesoporous silicas 1 5 which possesses large pore diameters spanning 5-30 nm, coupled with excellent thermal, mechanical and chemical resistance properties which underpin its application in catalysis, [6] [7] [8] [9] [10] [11] enzyme immobilisation 12 and separation science. 13 Since its discovery, SBA-15 has received over 100 000 citations in the scientific literature, and now features in approximately 800 new publications every year ( Fig. 1) . Conventional SBA-15 syntheses employ a nonionic, triblock co-polymer (ethylene oxide-propylene oxide-ethylene oxide) template in acidic media to direct the hydrolysis and condensation of silica precursors and thereby form an intermediate, ordered inorganic-organic mesostructure. Researchers have also reported one pot, co-condensation routes to sulfonic acid functionalised SBA-15, wherein e.g. propyl sulfonic acid (Pr-SO 3 H) moieties can be inserted directly into the silica walls 14 while preserving the parent SBA-15 texture and structure. Such approaches thus offer higher acid site densities than achievable via post-modification of SBA-15 by grafting protocols. 10 A key step in the synthesis of mesoporous SBA-15 materials is the removal of the organic surfactant template. This has been explored via several approaches, including photocalcination using vacuum UV, 15 ozone treatment 16 For both processes, post-extraction, materials were recovered by filtration with methanol washing and drying in oven at 80°C. The resulting dried powders were characterised by nitrogen physisorption using a Quantachrome Nova 2000e porosimeter using NOVAWin software. Samples were degassed at 120°C for 2 h prior to analysis by N2 adsorption at −196°C. BET surface areas were calculated over the relative pressure range 0.01-0.2. Pore diameters and volumes were calculated applying the BJH method to the desorption isotherm for relative pressures >0.35. Low angle powder XRD patterns were recorded on a PANalytical X'pertPro diffractometer fitted with an X'celerator detector and Cu Kα (1.54 Å) source calibrated against a Si standard (PANalytical). Low angle patterns were recorded for 2θ = 0.3-8°with a step size of 0.01°. TEM micrographs were obtained with a JEOL 2100 transmission electron microscope operated at 200 kV, with images recorded by a Gatan Ultrascan 1000XP digital camera. Image analysis was undertaken using ImageJ software. XPS was performed using a Kratos Axis HSi X-ray photoelectron spectrometer fitted with a charge neutraliser and magnetic focusing lens employing Al K α monochromated radiation (1486.6 eV). Surface elemental analysis was undertaken on Shirley background-subtracted spectra applying the appropriate instrument and element-specific response factors. Spectral fitting was conducted using CasaXPS version 2.3.14, with binding energies corrected to the C 1s peak at 284.5 eV and high-resolution C 1s, O 1s, S 2p and Si 2p XP spectra fitted using a common Gaussian/Lorentzian peak shape. Errors were estimated by varying the Shirley background subtraction procedure across reasonable limits and re-calculating fits. Thermogravimetric analysis (TGA) was performed using a Stanton Redcroft STA780 thermal analyser on ∼10-20 mg samples under helium (20 cm 3 min −1 total flow) during heating at 20°C min −1 between 20°C and 1000°C. Acid site densities
were measured via NH 3 pulse chemisorption using a Quantachrome ChemBET 3000 instrument at 100°C on samples degassed at 150°C. DRIFT spectra were obtained using a Nicolet Avatar 370 MCT with Smart Collector accessory, mid/ near infrared source and mercury cadmium telluride (MCT-A) photon detector at −196°C (liquid N 2 ). Samples were diluted with KBr powder (10 wt% in KBr) for analysis and then loaded into an environmental cell and subjected to additional drying under vacuum at 200°C for 2 h prior to measurements to remove moisture physisorbed during air exposure. Hexanoic acid esterification was performed under stirred batch conditions at atmospheric pressure in a Radley's carousel reaction station using a 25 mm diameter glass reactor vessel. Reactions were conducted using 10 mmol hexanoic acid at 60°C in 12.5 mL of methanol (molar ratio n MeOH /n acid = 30 under which conditions the organic acid and methanol were completely miscible) with 50 mg of the catalyst and 0.6 mL of dihexylether as an internal standard. Reaction profiles were obtained via periodic sampling and off-line GC analysis, with product calibration curves used to verify mass balances (>98%). Esterification was monitored using a Varian 450-GC equipped with a CP-Sil 5 CB 15 m × 0.25 mm × 0.25 μm capillary column. Dichloromethane was used to dilute samples for GC analysis. Catalytic profiles are an average of two separate runs with 3 injections per sample. Methyl hexanoate was the sole product observed. Turnover frequencies (TOF) were determined from the linear portion of the initial reaction rate profile for conversions below 25%, normalized to the surface acid site concentration determined by NH 3 titration. Fig. 2 shows the resulting adsorption-desorption isotherms for PrSO 3 H-SBA-15 extracted via reflux or ultrasonication, which reveal essentially identical type IV behaviour characteristic of PrSO 3 H-SBA-15. The corresponding XRD patterns in and the corresponding acid site loading determined by NH 3 chemisorption, in line with our previous observations. 25 Since bulk elemental analysis measures the total sulfur content, irrespective of whether present as fully oxidised sulphonic acid groups or SH/disulphide residues, it often over-estimates acid site loadings in sulphonic acid silicas, whereas XPS provides a more accurate estimate due to the ability to discriminate and 
Results and discussion

Green Chemistry Paper
This journal is © The Royal Society of Chemistry 2014 (Fig. 4 and Fig. S5 †) also shows that the desired 2D hexagonal ordered array of mesopores extends throughout both PrSO 3 H-SBA-15 materials. These observations confirm that ultrasonication yields a final PrSO 3 H-SBA-15 of identical quality to that obtained by the more lengthy and energy-intensive conventional solvent reflux. Microporosity in SBA-15 type materials is believed to result from silica templating polyethyleneoxide (PEO) fingers, 27, 28 in which part of the PEO template inserts into the condensing silica wall, rendering it more difficult to remove by mild/moderate treatments such as reflux or sonication.
In situ DRIFTS provides some insight into the relative ease with which the surfactant template is removed from PrSO 3 H-SBA-15 by ultrasonication. Fig. 5 compares DRIFT spectra of PrSO 3 H-SBA-15 obtained by ultrasonication versus conventional reflux, and analogous spectra for pure SBA-15 obtained by both extraction methods. In all cases, materials were outgassed at 200°C for 2 h to remove physisorbed water. The pure SBA-15 mesoporous silicas exhibit essentially identical spectra, possessing the characteristic bands between 700-1300 cm −1 and 3000-3800 cm −1 associated with the silica framework and surface silanols respectively. A weak feature around 2900 cm −1 reflects the presence of alkoxy residues arising from either the TEOS precursor or the P123 template. Spectra for both the propylsulfonic acid functionalised silicas are likewise almost indistinguishable from each other, but exhibit subtle but important differences from the pure silicas. Extracted PrSO 3 H-SBA-15 possess lower concentrations of isolated (3740 cm −1 ) versus vicinal and geminal silanols, which would reduce the strength of hydrogen bonding with ethylene oxide monomers within the P123 template, and thus facilitate the latter's extraction during sonication which is known to readily break hydrogen bonds. This may explain the significantly higher degree of P123 extraction from ultrasonicated PrSO 3 H-SBA-15 relative to ultrasonicated SBA-15 seen in Table S1 . † The extracted PrSO 3 H-SBA-15s also exhibit new features at 1370 cm −1 (due to the propylsilane backbone) and 1035 cm −1 (due to the asymmetric vibrational mode of SO 3 − ), 29 in accordance with their functionalisation. The nature of the organic residue extracted from PrSO 3 H-S-BA-15s by reflux or ultrasonication, whether intact P123 or decomposition fragments thereof, was also qualitatively probed by 1 H and 13 C NMR. Fig. S6 † shows that the ultrasonic extract is an almost perfect match for the parent P123 surfactant, evidencing a negligible decomposition of the pluronic template during either the hydrolysis step generating the silica framework, or the subsequent ultrasonication process. As a final verification that the material obtained by rapid ultrasonic extraction was not only structurally, but chemically, indistinguishable from that obtained under energy intensive reflux, the catalytic performance of both PrSO 3 H-SBA-15 solid acids was compared towards hexanoic acid esterification with methanol. The resulting reaction profiles for methyl hexanoate production shown in Fig. 6 are virtually superimposable, following the expected pseudo first-order kinetics with respect to acid concentration in the presence of excess methanol, confirming that ultrasonication impairs neither the accessibility of acid sites, nor their strength. The corresponding TOFs are also essentially indistinguishable, being 30.3 versus 31.3 h −1 for reflux and ultrasonic extracted PrSO 3 H-SBA-15 respectively after a two-hour reaction. It is interesting to consider whether the frequency of ultrasonication influences the structural and reactive properties of our extracted PrSO 3 H-SBA-15; however, there are no commercially available, variable frequency ultrasonic baths or probes able to deliver a constant power, amplitude and contact area with which to investigate this.
Conclusions
Ultrasonication offers an extremely rapid and energy-efficient route to the extraction of the P123 surfactant template employed in the widespread synthesis of SBA-15 materials, and specifically the preparation of sulfonic acid-functionalised SBA-15 via a co-condensation route for heterogeneous catalysis applications. Around 90% of P123 can be removed from SBA-15 via 5 min ultrasonication in 10 mL methanol at room temperature, comparable to that achievable after a conventional 48 h reflux using ten times the methanol volume. This represents a 99% reduction in energy consumption, and a 90% reduction in the volume of solvent required. The new protocol is easily implemented on the >10 g scale. Eco-friendly, ultrasonic template removal yields a propylsulfonic acid functionalised SBA-15 with an identical catalytic performance to that derived by more laborious reflux in the esterification of hexanoic acid with methanol. Our new synthetic protocol offers a greener route to the accelerated design of mesoporous silicas.
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